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The complete genome sequence of Burkholderia mallei ATCC 23344
provides insight into this highly infectious bacterium’s pathoge-
nicity and evolutionary history. B. mallei, the etiologic agent of
glanders, has come under renewed scientific investigation as a
result of recent concerns about its past and potential future use as
a biological weapon. Genome analysis identified a number of
putative virulence factors whose function was supported by com-
parative genome hybridization and expression profiling of the
bacterium in hamster liver in vivo. The genome contains numerous
insertion sequence elements that have mediated extensive dele-
tions and rearrangements of the genome relative to Burkholderia
pseudomallei. The genome also contains a vast number (>12,000)
of simple sequence repeats. Variation in simple sequence repeats
in key genes can provide a mechanism for generating antigenic
variation that may account for the mammalian host’s inability to
mount a durable adaptive immune response to a B. mallei infection.

The etiologic agent of the disease known as glanders,
Burkholderia mallei, has come under renewed scientific

investigation as a result of recent concerns about biological
weapons of mass destruction. As a Centers for Disease Control
and Prevention category B agent, B. mallei is regarded as a
potential biological weapon because it is highly infectious as an
aerosol and results in a disease that is painful, incapacitating,
difficult to diagnose, and often fatal (1). B. mallei is a highly
evolved obligate parasite of horses, mules, and donkeys with no
other known natural reservoir (1–3). Glanders is one of the
oldest diseases known and was first described by Aristotle
(384–322 before Christ) (4). B. mallei was used as a biological
weapon during the American Civil War (4), World War I (5),
and World War II and was reported to be weaponized by the
Soviet Union for use as a biological weapon in Afghanistan.
Here, we report the complete genome sequence of B. mallei
ATCC 23344, a highly pathogenic clinical isolate and type
strain of the species (6, 7) (see Supporting Text, which is
published as supporting information on the PNAS web site).
Bioinformatic and laboratory analysis of the genome provides
further insight into the pathogenesis and biology of B. mallei
and its relationship to pathogenic Burkholderia pseudomallei
and nonpathogenic Burkholderia thailandensis.

Materials and Methods
Sequencing. The genome of B. mallei ATCC 23344 was sequenced
and assembled by using the random shotgun method (8).

Coding Sequence (CDS) Prediction and Gene Identification. ORFs
likely to encode proteins (CDSs) were identified by using
GLIMMER (9). Identified CDSs were annotated by manual
curation of the outputs of a variety of similarity searches.
Searches of the predicted coding regions were performed with

BLASTP, as described (10). The protein–protein matches were
aligned with blast�extend�repraze, a modified Smith-
Waterman (11) algorithm that maximally extends regions of
similarity across frameshifts. Gene identification is facilitated
by searching against a database of nonredundant bacterial
proteins (nraa) developed at The Institute for Genomic Re-
search (TIGR) and curated from the public archives GenBank,
Genpept, Protein Information Resource, and SwissProt.
Searches matching entries in nraa have the corresponding role,
gene common name, percent identity and similarity of match,
pairwise sequence alignment, and taxonomy associated with
the match assigned to the predicted coding region and stored
in the database. CDSs were also analyzed with two sets of
hidden Markov models constructed for a number of conserved
protein families from PFAM (12) and TIGRFAM (13). Re-
gions of the genome without CDSs and CDSs without a
database match were reevaluated by using BLASTX as the initial
search, and CDSs were extrapolated from regions of align-
ment. Finally, each putatively identified gene was assigned to
one of 113 role categories adapted from Riley (14).

Trinucleotide Signatures Analysis. The data for trinucleotide sig-
nature analysis were computed by the method described by
Karlin (15) with a window size of 100,000 bp and a granularity
of 100 bp. For �2 analysis, the distribution of all 64 trinucle-
otides (3-mer) was computed for the complete genome in all
six reading frames, followed by the 3-mer distribution in
2,000-bp windows. Windows overlapped by 1,000 bp. For each
window, the �2 statistic on the difference between its 3-mer
content and that of the whole genome was computed.

Microarray Methods. Whole-genome DNA microarrays for B.
mallei were fabricated as follows. DNA amplicons representing
the genome were amplified, purified, and printed on Corning
UltraGAPS aminosilane-coated microscope slides by using a
robotic spotter built by Intelligent Automatic Systems (Cam-
bridge, MA) and cross-linked by UV illumination.

Genomic DNA was prepared from 10 B. mallei isolates (see
Fig. 2) by using a DNeasy kit (Qiagen, Valencia, CA). Purified
genomic DNA was labeled and hybridized as described (16).
Total RNA from the livers of three Syrian golden hamsters
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infected for 2 days was isolated by using TRIzol (Life Tech-
nologies, Rockville, MD) following the manufacturer’s proto-
col. Labeling reactions with RNA and hybridization were
conducted as described in the TIGR standard operating
procedures found at http:��atarrays.tigr.org. All of the hy-
bridizations between two samples were replicated in dye-swap
sets to obtain robust data.

Hybridized slides were scanned by using an Axon Instruments
(Union City, CA) GenePix 4000B microarray scanner, and the
independent images from each channel were analyzed by using
TIGR SPOTFINDER (www.tigr.org�software) to obtain relative
transcript levels. Data from TIGR SPOTFINDER were stored in
AGED, a relational database designed to effectively capture and
store microarray data. Data were normalized by using the MIDAS
software tool (www.tigr.org�software). All calculated gene ex-
pression ratios were log2-transformed and averaged over dye-
swapped arrays. The resulting data were visualized and further
explored by using the TIGR data mining package (www.tigr.org�
software).

Animal Studies. Syrian hamsters (five per group) were infected
i.p. with 101, 102, and 103 colony-forming units (cfu) of each B.
mallei strain. Deaths were monitored for 7 days, and the LD50
values were determined. The LD50 values for virulent and
avirulent B. mallei strains were �101 cfu and �103 cfu,
respectively. The LD50 for a B. mallei ATCC 23344 virG mutant
was �2.6 � 103 cfu (see Supporting Text for construction of
virG mutant). Research was conducted in compliance with the
Animal Welfare Act and other federal statutes and regulations
relating to animals and experiments involving animals and
adheres to principles stated in the Guide for the Care and Use
of Laboratory Animals, National Research Council, 1996. The
facility where this research was conducted is fully accredited by
the Association for Assessment and Accreditation of Labora-
tory Animal Care International.

Results and Discussion
Genome Features. The genome of B. mallei consists of two
circular chromosomes. Chromosome 1 contains 3,510,148 bp,
and chromosome 2 contains 2,325,379 bp. A total of 5,535
predicted protein-encoding ORFs were identified in the ge-
nome (Table 1). GC skew analysis does not unambiguously

reveal the origin of replication of either of the chromosomes
(Fig. 1), unlike the case of the B. pseudomallei chromosomes.
Nucleotide position 1 of chromosome 1 is assigned to the
region f lanked on one side by the dnaA (BMA0001) and dnaN
(BMA0002) genes and on the other by rnpA (BMA3399).
Clustered near the assigned nucleotide 1 position on chromo-
some 2 are the genes coding for a parA homolog (BMAA2114),
a putative partitioning protein, parB homolog (BMAA2115),
and a putative replication protein (BMAA2117), suggesting a
plasmid-like replicon structure. Like the smaller chromosome
of B. pseudomallei (17), chromosome 2 contains essential
metabolic genes, making this replicon indispensable.

Insertion Sequences (ISs). The B. mallei genome harbors numer-
ous IS elements that most likely have mediated extensive
genomewide insertion, deletion, and inversion mutations rel-
ative to the B. pseudomallei K96243 (Fig. 1 and Table 3, which
is published as supporting information on the PNAS web site).
IS elements account for �3.1% of the genome in 171 complete
and partial IS elements that are representatives of the IS3, IS5,
IS110, IS256, and ISL3 families. In comparison, the B.
pseudomallei K96243 genome contains only 42 and the B.
thailandensis E264 genome contains only 46 complete or
partial copies of IS elements (data not shown). Five lines of
evidence suggest that these IS elements have been instrumen-
tal in genome alteration of B. mallei. (i) Most of the synteny
break points between the B. pseudomallei and B. mallei ge-
nomes are bounded by IS elements in B. mallei. Numerous sites
of GC skew discontinuity are observed at these breakpoint
boundaries in B. mallei (Fig. 1). (ii) Analysis of the genome
sequence revealed disruption of 23 genes and 10 IS elements
by the IS elements (Table 4, which is published as supporting
information on the PNAS web site). (iii) Two syntenic portions
of chromosome 1 in B. pseudomallei, one of 41 kb in size and
another of 5 kb, found on chromosome 2 in B. mallei (Fig. 3D,
which is published as supporting information on the PNAS web
site), are f lanked by IS elements. (iv) The B. mallei genome
contains a sacB gene that confers sucrose sensitivity. When
plated on a medium containing sucrose, the sacB gene is
deleted in the surviving colonies as revealed by comparative
genome hybridizations. The deletions in 9 of the 10 surviving
isolates are variably bounded by four f lanking IS elements
(Fig. 4, which is published as supporting information on the
PNAS web site). All of these isolates retain full virulence. (v)
The integration of IS407A results in a 4-bp chromosome
insertion site duplication f lanking the inserted IS (18). How-
ever, most of the IS407A copies distributed throughout the B.
mallei genome are not f lanked by 4-bp duplications. This
finding suggests that most of the IS elements went through
homologous recombination events between copies of IS407A,
and during the shuff ling processes the IS elements lost their
4-bp duplication signatures for de novo transpositions. IS
element-mediated recombination and de novo insertion have
been and continue to be active in genome structure alteration.

Environmental Survival of B. mallei. The B. mallei genome is
smaller (5.8 Mb) than that of B. pseudomallei (7.2 Mb) or B.
thailandensis (6.7 Mb). Whereas these latter organisms are
environmental soil inhabitants, previous studies have con-
cluded that B. mallei, an obligate mammalian parasite, does not
survive well in the environment (19). By comparison to the B.
pseudomallei genome, we found that 627 genes on chromosome
1 and 819 on chromosome 2 of B. pseudomallei are either not
present or variant in B. mallei (Table 5, which is published as
supporting information on the PNAS web site), whereas the
others closely match between the two genomes (i.e., �90%
identity; average, 99.1%) over �90% of the length (average,
99.9%). Most of these B. pseudomallei-specific genes are

Table 1. B. mallei genome features

ORF summary
Total ORFs 5,535
Assigned function 3,173
Conserved hypothetical 718
Unknown function 564
Hypothetical proteins 978

Chromosome 1
Size, bp 3,510,148
No. of ORFs 3,344
Percent coding 87.1
Average gene length, nt 914
GC content, % 68.2
rRNA operons 1 complete, 1 16S only
tRNAs 47

Chromosome 2
Size, bp 2,325,379
No. of ORFs 2,091
Percent coding 85.7
Average gene length, nt 953
GC content, % 69.0
rRNA operons 2 complete
tRNAs 9
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located in contiguous clusters of up to 150 kb in length (11),
consistent with the IS-mediated deletions as the mechanism of
gene loss in B. mallei. In addition, 37 B. mallei genes contain
frameshifts relative to the B. pseudomallei orthologs (Table 6,
which is published as supporting information on the PNAS web
site), and another 10 contain transposon insertions (Table 4).
These data coupled with experimental substrate utilization
patterns as assayed by Biolog Phenotype Microarray technol-
ogy (20) allowed the prediction of pathways specific to the
metabolic capabilities of the B. pseudomallei relative to B.
mallei (Fig. 5, which is published as supporting information on
the PNAS web site). These observations suggest that metabolic
capabilities essential for environmental survival may have
been lost in the genome reduction process coincident with
adaption of B. mallei to the mammalian host environment.

Simple Sequence Repeats (SSRs). The genome of B. mallei contains
�12,000 SSRs within the CDS of 3,752 genes (68% of the
genome), and in putative promoter regions of 179 genes. Of
these 12,000 SSRs, 86.8% are located within coding regions
and contain repeat units in multiples other than three, poten-
tially leading to frameshift mutations upon replication error-
induced changes in the number of repeat units in these genes
(21, 22). Compared to other bacteria with similar GC content
that have the same selection-independent statistical likelihood
to contain G�C repeats, B. mallei has the highest density of
SSRs by a nearly 2-fold margin (Table 2). The B. pseudomallei
and B. thailandensis genomes also show a similar high density
of SSR contents in their genomes (Table 2). Two analyses were
performed to provide evidence that these SSRs may function
as loci of altered protein expression or structure variation. (i)
Annotation of the B. mallei genome identified 76 genes
containing frameshifts relative to B. pseudomallei orthologs.
By comparing these orthologs, 37 were found to contain
frameshifting sequence differences in B. mallei caused by SSR
repeat number differences between the orthologs (Table 6).
(ii) The SSR loci from four genes coding for surface or putative
virulence proteins were examined for variations in 39 strains
of B. mallei and B. pseudomallei. Considerable variation in
these loci was revealed not only between B. mallei and B.
pseudomallei strains, but also within species (Fig. 6, which is
published as supporting information on the PNAS web site).
These instances of variation in SSR number are consistent with
the SSR instability leading to phase variation in critical genes
during the infection cycle.

Comparative Analysis. Comparative genome analysis has pro-
vided an opportunity to observe sequence differences that
have arisen upon removal of selective pressure in the B. mallei
chemotaxis and motility and the general secretory pathway
genes. In contrast to B. pseudomallei and B. thailandensis, B.
mallei is a nonmotile organism that lacks f lagella (23, 24) yet
its genome contains numerous f lagellar and chemotaxis genes,
most of which appear to be intact. One methyl-accepting
chemotaxis gene has a frameshift mutation. In addition, a
65-kb insert f lanked by IS elements disrupts the fliP gene, an
essential gene for f lagellum biogenesis (21), and a frameshift
mutation in the f lagellum motor motB gene eliminates its
functionality. The mutations in these few pseudogenes likely
account for B. mallei being nonmotile and nonf lagellated,
whereas the remainder of the chemotaxis and motility genes
have not yet decayed.

In a similar fashion, B. pseudomallei has been characterized to
be a strong secretor of proteases, lipases, and phospholipase C
via the general secretory pathway (22), whereas B. mallei poorly
secretes these proteins, if at all. The B. mallei genome analysis
reveals that the genome contains the entire general secretory
pathway cluster found in B. pseudomallei. Comparison of the 12

Fig. 1. Circular diagrams of chromosome 1 and chromosome 2 in B. mallei.
Locations of selected genome features are denoted on seven layers of circles.
From the outermost layer, 1) CDS in color codes for predicted functional role
categories, 2) CDS in the other orientation, 3) GC skew, 4) IS elements flanking
syntenic breaks compared to B. pseudomallei chromosome, 5) IS elements not
associated with syntenic breaks, 6) SSRs that contain at least one A or T in the
repeat unit, and 7) putative virulence genes. The locations of wcb capsule gene
cluster, lipopolysaccharide biosynthesis genes, and a singleton luxR-type reg-
ulator in chromosome 1, plant and animal pathogen-type type III secretion
system loci, and two pairs of luxR�luxI-type regulators in chromosome 2 are
shown.
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B. mallei genes in this cluster to those of B. pseudomallei revealed
that, whereas most of the genes are identical or nearly identical,
the B. mallei gspJ gene contains a frameshift in the 3� region of
the gene, and the gspL gene contains a 54-base insertion for 18
aa. One or both differences are likely to account for the secretion
phenotype differences between these organisms. The genes
encoding chemotaxis and motility and the general secretory
pathway in B. mallei are largely intact with only few mutations
in few genes destroying the function of these pathways and
accounting for the motility and secretory phenotype difference
between B. pseudomallei and B. mallei.

Most B. mallei strains exhibit resistance to a number of
antibiotics. The B. mallei genome contains at least 33 genes that
may contribute to these drug resistances (Table 7, which is
published as supporting information on the PNAS web site). B.
pseudomallei is resistant to macrolide and aminoglycoside anti-
biotics via a multidrug efflux pump (25), whereas B. mallei is
sensitive to these. Genes for this pump are located in a 50-kb
region of chromosome 1 in B. pseudomallei that is absent in the
B. mallei chromosome, thus accounting for this sensitivity.

Secondary Metabolite Genes. Soil bacteria, fungi, and some bac-
terial endosymbionts produce secondary metabolite compounds
with antimicrobial and�or antimetabolite activities. In several
instances, virulence depends on the production of a secondary
metabolite with toxin activity (26). The B. mallei genome
contains numerous (a total of 33) genes for nonribosomal
peptide synthases and polyketide synthases that are located
primarily in clusters on the smaller chromosome. These genes
are a subset of those present in B. pseudomallei (Table 8, which
is published as supporting information on the PNAS web site).
These genes could code for biosynthetic enzymes for toxin
production or they could be relics of its ancestral life as an
environmental organism.

Virulence. B. mallei has not been extensively studied, and little
is known about the virulence mechanisms of this bacterium.
The only virulence factors definitely shown to be essential for
pathogenicity are an extracellular capsule (18) and a Salmo-
nella typhimurium-like type III secretion system (27) (see Fig.
1 for their locations in the chromosomes). The B. mallei
genome encodes an extensive list of genes involved in regu-
lating the levels of specific mRNAs. Among these is a DNA-
binding response regulator (BMAA0762) with homology to
the virG gene from Agrobacterium tumifaciens (28). It is
located on chromosome 2 adjacent to its presumed cognate
sensor histidine kinase. Insertional mutagenesis of this gene in
B. mallei ATCC 23344 results in an increase in LD50 when
tested for virulence in Syrian golden hamsters from �101 cfu
to �2.6 � 103 cfu, suggesting that this response regulator
positively controls genes required for virulence. It is likely that

other regulatory proteins will be shown to inf luence the B.
mallei virulence phenotype.

As an initial effort to use the B. mallei genome sequence to
identify the genes required by B. mallei to initiate and maintain
pathogenesis, we conducted comparative genome hybridization
analyses with 10 B. mallei strains, three of which have tested to
be avirulent in Syrian golden hamsters (Fig. 2). Whereas most of
the genes are shared across all of the isolates, we found 162 genes
significantly diverged or absent in the avirulent isolates. These
genes are present in both chromosomes, but there was a signif-
icant bias toward chromosome 2. Half of these showed little or
no variation in the virulent isolates (Fig. 2, groups 1–3) and
include 12 of the genes absent in the avirulent strains that are
putative virulence genes based on their annotated function.
Three additional genes missing in these isolates were shown to
be expressed at a higher level in hamster liver than in LB medium
(see below).

In a further effort to identify a set of genes that is likely to be
essential for survival and proliferation of B. mallei in a mammalian
host, expression profiling of the bacterial genome was performed by
using total RNA isolated from the livers of three infected Syrian
golden hamsters. We compared this gene expression in the host to
that of an exponential growth phase in vitro culture in LB medium
at 37°C by using a whole genome ORF B. mallei microarray. A set
of 95 genes were found to be expressed at a higher level in the
bacteria residing in the hamster livers than in the LB growth
cultures, whereas 153 showed the opposite patterns based on the
95% confidence level (Table 9, which is published as supporting
information on the PNAS web site). The less expressed genes in the
hamster include those coding for cell cycle proteins and ribosomal
proteins, reflecting the slower growth rate of the bacteria in the
hamsters, and several iron storage proteins. The more expressed
genes include those coding for secreted hydrolyses, a toxin biosyn-
thesis protein, and phosphorus and iron acquisition proteins, re-
flecting the in vivo gene expression level adjustments to limitations
for iron and phosphorous in the host, and metabolic adjustments
necessary for the hamster environment. Higher expression levels of
many known and putative virulence genes, such as type III secretion
system components, adhesins, stress response genes, capsule, etc.,
were not observed in the hamster relative to LB culture, suggesting
that these genes are not differentially expressed in culture and the
hamster host or are regulated to be expressed at only specific times
or under specific circumstances during infection.

Conclusion
The B. mallei genome sequence provides a starting point for
studying the evolutionary history and the pathobiology of this
organism. In evolving from a metabolically versatile soil organ-
ism to a highly specialized obligate mammalian pathogen, struc-
tural f lexibility appears to be a major adaptive feature of its
genome. This level of f lexibility mediated through recombina-

Table 2. SSR content of selected bacteria with %GC matching that of B. mallei

Bacteria GC content, % Length, bp

SSRs, all

No. Density bp�SSR

Deinococcus radiodurans R1 66.9 2,648,638 (Chr 1) 2,665 993.86
Mycobacterium tuberculosis

CDC1551 65.5 4,403,837 2,012 2,188.79
Bordetella pertussis Tohama I 67.6 4,086,189 4,873 838.54
Halobacterium sp. NRC-1 67.9 2,014,239 1,778 1,132.87
B. pseudomallei K96243 67.6 4,210,407 (Chr 1) 8,560 491.87
B. thailandensis E264 67.1 3,860,986 (Chr 1) 7,225 534.39
B. mallei ATCC 23344 68 3,510,148 (Chr 1) 7,084 495.50

SSRs examined in this comparison include homopolymers of at least six repeat units, di- and trinucleotide
repeats of at least four units, and larger repeats up to heptamers of at least three units. Chr, chromosome.
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Fig. 2. Putative virulence genes revealed by comparative genome hybridization analysis. A total 156 genes diverged or absent in at least one of the three
avirulent isolates were compared across the virulent isolates by using hierarchical clustering. Eighty genes that show little or no variation in virulent isolates were
found in three different locations in the cluster, denoted as groups 1–3. Putative virulence genes and the genes shown to be highly expressed in hamster spleen
(see Table 9) are highlighted. B. mallei isolates used for this study, microarray hybridization pairs, and a graph of gene distribution by chromosomes are also
shown.
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tion events among the numerous insertion elements and by means
of simple sequence repeat-induced replication errors may be the
mechanism used by this organism to effectively adapt to multiple
distinct mammalian hosts (29) and to implement its extraordinary
ability to evade the adaptive immune responses in the host.
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